The effects of intravenous prostaglandin A x (PGAj) on systemic and coronary hemodynamics were studied in 13 intact, conscious dogs after recovery from operation for implantation of Doppler ultrasonic flow probes on the ascending aorta and left circumflex coronary artery. Graded doses of PGA! (0.01 to 1.0 yug/kg) caused arterial pressure and total systemic resistance to decrease progressively and heart rate and cardiac output to increase progressively. At the maximum dose administered (1.0 fx,g/kg), arterial pressure and systemic resistance decreased by averages of 30% and 51% below control, respectively, and heart rate and cardiac output rose 64% and 47%, respectively. After beta-receptor blockade with propranolol, PGA X still caused a similar increase in cardiac output. In spite of arterial hypotension, PGA X produced a progressive increase in coronary flow, with a peak increase of 74% above control with 1.0 /u.g/kg and a corresponding graded decrease in coronary resistance, with a decrease of 61% below control with 1.0 /ig/kg. Marked increases occurred in systolic as well as diastolic coronary flow. The coronary vasodilation was not abolished by preventing the PGAj^induced tachycardia with electrical pacing, by beta-receptor blockade, or by combined blockade of beta receptors and cholinergic nerve fibers. While arterial Po 2 remained constant, coronary sinus Po 2 rose when coronary flow was increased by PGAT hus PGAi is both a primary and secondary coronary vasodilator which increases cardiac output and decreases total systemic resistance.
tissues and metabolic processes other than the cardiovascular system, the effects of prostaglandin A (PGA) compounds are relatively specific for the cardiovascular system (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Furthermore, the PGA compounds are not substantially metabolized in the lungs as are the other prostaglandins (20, 21) and therefore could act as hormonal factors in the regulation of arterial pressure and regional blood flow. Thus, from the standpoints of both cardiovascular physiology and therapeutics, the PGA compounds are clearly the prostaglandins of greatest interest.
Although direct intraarterial infusion of PGAi in anesthetized dogs has been shown to increase blood flow in the carotid, mesenteric, renal, and femoral arterial beds, only small 639 increases were observed in coronary flow (13, 22) . Furthermore, it is not clear whether coronary flow increases when systemic hypotension occurs in response to the intravenous administration of PGAi and whether PGAiinduced elevations in coronary flow reflect a primary effect on the coronary vascular bed or are secondary to increased metabolic requirements of the myocardium caused by tachycardia and reflex sympathetic stimulation of the heart (23) .
From the information available on the effects of PGAi on systemic hemodynamics in the anesthetized dog, it appears that this compound causes only small increases in cardiac output, even when given in large doses (12) . Furthermore, it is not clear whether PGAi is capable of increasing cardiac output independent of reflexly induced sympathetic activity and myocardial catecholamine stores. To gain a clearer understanding of the effects of PGAi in the normal intact circulatory system, we studied the effects of intravenously administered PGAi on systemic and coronary hemodynamics in the conscious, healthy dog, an experimental model which provides a normal, physiologic milieu in which cardiovascular control mechanisms are intact, in which the effects of anesthesia and recent surgery are absent, and in which the side effects of PGAi can be observed.
Methods
During operations carried out under sterile conditions and pentobarbital sodium anesthesia (25 mg/kg), Doppler ultrasonic blood flow transducers were implanted around the base of the aorta, or left circumflex coronary artery, or both, in 13 dogs of mixed breed, weighing between 21 and 30 kg. In four of these dogs, catheters were placed in the coronary sinus by the method of Rayford et al. (24) for chronic studies and in another four dogs, epicardial pacemaker electrodes were sutured to the right ventricle. In one additional dog, an electromagnetic flowmeter transducer was placed around the left circumflex coronary artery.
Except for the animals with coronary sinus catheters, the experiments were started 2 to 4 weeks after operation. In the four dogs with the coronary sinus catheters, experiments were conducted 1 week after operation, before the time of expected clotting of these catheters. At the time Circulation Research, Vol. XXVlll, June 1971 of initiation of the experiments, all dogs were vigorous and apparently fully recovered from operation, with resting heart rates below 100/min and a distinct sinus arrhythmia. During the control state and after graded doses of PGA 5 , continuous measurements were made of arterial pressure and coronary flow in normal sinus rhythm in seven dogs, with the right ventricle stimulated electrically with an external pacemaker 1 at a frequency of 180 beats/min in four dogs, after beta-receptor blockade with propranolol in seven dogs, and after combined blockade of beta receptors with propranolol and of cholinergic nerve fibers with atropine in seven dogs. Measurements of arterial pressure and cardiac output were made in six dogs prior to and in five dogs after beta-receptor blockade. In four dogs, samples of arterial and coronary sinus blood were simultaneously withdrawn for determination of Po 2 and pH during the control period and at the time of the peak increase in coronary blood flow following administration of PGA!. Determinations of Po 2 and pH were made by a blood gas analyzer (Instrument Laboratory, model 113).
The PGAj used in this study was a crystalline preparation 2 which was dissolved in ethanol, stored at 0°C and diluted with sterile, distilled water just before the experiments were begun. PGA X was administered intravenously in doses of 0.01, 0.1 and 1.0 yu.g/kg. Higher doses were poorly tolerated, resulting in excitement, which interfered with accurate observation of the hemodynamic responses to the drug. Betareceptor blockade was produced with 1.0 to 2.0 mg/kg propranolol and the adequacy of the blockade tested by demonstrating that the intravenous administration of 1 /xg/kg isoproterenol caused negligible changes in heart rate and blood pressure. Cholinergic nerve fibers were blocked with 0.1 to 0.4 mg/kg of atropine; adequacy of blockade was tested by demonstrating that 0.1 mg acetylcholine caused negligible changes in heart rate and blood pressure.
Arterial pressure was continuously sampled by a catheter placed in the central aorta through the femoral artery under local anesthesia and measured with a Statham P23Db strain gauge manometer. Aortic flow (cardiac output) and coronaiy blood flow were measured by the Doppler ultrasonic flowmeter (25, 26) . Blood flow velocity was derived from the Doppler equation as previously described (25) . Zero flow was repeatedly determined electrically, and the accuracy of the electrical zero was confirmed terminally by comparing electrical zero with (26) . Other experiments in our laboratory have demonstrated the linear relationship between blood flow velocity and volume flow as long as the diameter of the vessel within the transducer does not change, and volume flow calibrations by timed collections of blood verified the linear relationship between blood flow velocity and volume flow in the present study. Postmortem examination of these dogs demonstrated adherence of the vessel wall to the transducer shell by a firm fibrous shell minimizing changes in the caliber of the vessel with alterations of arterial pressure. The internal crosssectional area of the blood vessel was measured at autopsy, and blood flow rate was calculated as the product of the cross-sectional area and blood flow velocity. The cross-sectional area of the blood vessel at autopsy can be expected to vary from that during life, suggesting caution in interpreting the absolute values for volume flow. However, any deviation is constant in the control period and during response to PGAŜ ince the demodulation circuit of the Doppler flowmeter does not define the direction of flow, reverse flow is recorded as a positive wave. To obviate this possible error, the negative flow wave occurring at the base of the aorta just before closure of the aortic valve and recorded as a small positive wave was considered as negative (reverse flow) in calculating mean cardiac output and stroke volume. Reverse flow was negligible in the coronary bed both at rest and during the response to the administration of PGAi in the doses used in this study. The absence of negative coronary flow in response to PGAj was confirmed by measuring left circumflex coronary flow with a gated square wave electromagnetic flowmeter 3 in one additional conscious dog. No reverse fiow was observed during the response to intravenously administered PGA 1; even with sufficient PGA X to lower mean systemic arterial pressure to 60 mm Hg.
Mean arterial pressure and mean coronary and aortic flows were derived using RC electronic filters with a 2-second time constant. Systemic vascular and left circumflex coronary mean resistance was calculated as the quotient of the mean arterial pressure and mean aortic and left circumflex coronary flows. Late diastolic coronary resistance, determined in seven dogs, was calculated as the quotient of the late diastolic thoracic aortic pressure and late diastolic coronary flow.
Late diastolic resistance was calculated at the point on the diastolic coronary flow waveform just before the decrease in coronary flow associated with isometric contraction. Heart rate was monitored continuously by a cardiotachometer (Beckman type 9857 B) triggered by the electrical signal from the aortic pressure pulse. All data were recorded on a multichannel magnetic tape recorder and played back on a multichannel oscillograph.
Results
Systemic Circulation.--With increasing dosage of PGAi, there was progressive decrease in arterial pressure and total systemic resistance, while heart rate and cardiac output increased progressively (Fig. 1) . With 1.0 /xg/kg of PGAi arterial pressure decreased by an average of 30 ± 5% ( SE ); cardiac output increased by an average of 47 ± 3%; total systemic resistance decreased by an average of 51 ± A%; heart rate increased by an average of 64 ± 13%; and stroke volume decreased by an average of 13±4% (Table 1) . Each of these variables returned to control levels after 15 to 20 minutes. All of these changes were statistically significant (P < 0.001).
After beta-receptor blockade, 1.0 yu.g/kg PGAj produced a 27 ± 7% decrease in arterial pressure (P<0.001), a 52±6% decrease in total systemic resistance (P < 0.001), and a 39 ±7% increase in heart rate ( P < 0.001), a 52 ± 7% increase in cardiac output ( P < 0.001), a 9 ±3% increase in stroke volume (P<0.05). Both before and after beta-receptor blockade, comparable alterations of arterial pressure, cardiac output, and total systemic resistance occurred; however, after blockade there was less increase in heart rate and a slight increase in stroke volume, rather than a decrease as observed prior to blockade.
Coronary Circulation.-With increasing dosage of PGAi there was a progressive increase in mean left circumflex coronary blood flow and a progressive decrease in mean left circumflex coronary resistance (Fig. 1) the increase in diastolic coronary flow (33 ± 2 ml/min to 5 3 ± 5 ml/min), there was a large increase in systolic coronary flow (11 ± 1 ml/min to 2 5 ± 2 ml/min) (Fig. 2) . During the control period, the systolic component averaged 23 ± 1% of total coronary flow while during the peak response to 1 ju.g/kg of PGA 1: the systolic component was 32 ± 2% of total coronary flow. During the peak response to 1 /u,g/kg, coronary resistance decreased an average of 61 ± 2% below control and late diastolic coronary resistance decreased an average of 58 ±3% (Fig. 2) . All of these changes were statistically significant (P < 0.001).
When the heart was maintained constant by electrical stimulation at 180 beats/min 1.0 jug/kg of PGAi resulted in an arterial pressure decrease averaging 28 ± 6%; coronary flow increased 39 ± 15%; and coronary resistance decreased 48 ±4% ( Table 2 ). All of these changes were statistically significant (P < 0.001). The decrease in arterial pressure was comparable to that seen in the unpaced state, but the increase in coronary flow and decrease in coronary resistance (Fig. 3) were of lesser magnitude. In response to PGAi administration after beta-receptor blockade, arterial pressure decreased by an average of 29 ± 5%, coronary blood flow increased 38 ± 2%, coronary resistance decreased 54 ± 3%, and heart rate increased 39 ± 1% ( Table 2 ). All of these changes were statistically significant (P < 0.001). After beta-receptor blockade the alterations in heart rate and coronary blood flow were not as great as before blockade. There was no statistically significant difference between the decreases in coronary resistance induced by PGAi before and after betareceptor blockade (P > O.K 0.2).
In response to 1.0 /xg/kg of PGAi after combined blockade of beta receptors and cholinergic nerve fibers, arterial pressure decreased 36 ±6% (P< 0.001), coronary blood flow changed little, increasing by only 9 ± 1% (P > 0.2); coronary resistance decreased 42 ±5% (P< 0.001) and heart rate did not change significantly (P>0.2) ( Table  2 ). Compared to the response to PGA! prior to the combined blockades, in addition to the abolition of the tachycardia, the increase in coronary flow and decrease in coronary resistance (Fig. 3) dogs in which these variables were measured (Fig. 4) .
Discussion
In this study, PGAi in doses which were well tolerated by the conscious, unsedated dog caused profound decreases in arterial pressure and total systemic resistance while heart rate and cardiac output increased. In spite of the decline in systemic arterial pressure, this compound also markedly increased coronary blood flow with augmentation of both systolic and diastolic flows, resulting in marked reductions in coronary vascular resistance. This coronary dilatation was still evident when heart rate was maintained constant during electrical stimulation at 180/min, after beta-receptor blockade alone or combined with blockade of cholinergic nerve fibers.
Studies in laboratory animals (9, 13, 14, 27-29) and in man (17, (30) (31) (32) (33) have demonstrated potent effects of prostaglandins on central and peripheral hemodynamics through what is believed to be an action on adenyl cyclase, which is not yet fully characterized. The prostaglandin A and E compounds have been shown in experimental animals to cause a lowering of arterial pressure and an associated tachycardia, whereas the prostaglandin F compounds elevate arterial pressure and have a negligible effect on heart rate. All three groups of compounds increase cardiac output and myocardial contractile force in the anesthetized dog, with the E compounds exerting the greatest effect (12) . In the present study, the coronary vascular dilatation, tachycardia, and augmented cardiac output induced by PGAi in the conscious, resting dog are directionally similar but quantitatively much greater than those observed for either PGAi or PGEi in the anesthetized dog (12, 13, 22) . Nakano and McCurdy (12) found a more profound vasodilatation and a greater increase in cardiac output with PGEi than with PGAi in the anesthetized, open-chest dog; however, Weeks et al. (9) , working with unanesthetized dogs, found PGA! to be the more potent vasodilator. Although we have not studied PGEj in the unanesthetized animal, it is clear that PGAi decreased arterial pressure and increased cardiac output to a greater magnitude in the conscious dog than either PGAi or PGEi in the anesthetized dog.
After beta-receptor blockade, PGAi caused an even greater relative increase in cardiac output than during control, indicating that the ability of PGAi to increase cardiac output is independent of direct or reflex sympathetic nervous activity. The relatively greater increase in cardiac output after beta-receptor blockade may have been due to the direct effect of PGAi on hearts depressed by this large dose of propranolol, as indicated by the lower control cardiac output after betareceptor blockade. Three possible mechanisms may have contributed in varying degrees to the increase in cardiac output after betareceptor blockade: (1) a decreased afterload, (2) a direct positive inotropic effect of PGAi, and (3) tachycardia due to reflex withdrawal of vagal influence on the sinoatrial node. The relative contribution of each of these mechanisms has not yet been elucidated.
Previous studies in anesthetized dogs using direct intraarterial infusions of PGA compounds demonstrated large increases in brachial, femoral, carotid, and renal flows but only a small increase in coronary flow (13, 22) . Contrary to these earlier reports, PGAi administered intravenously in this study caused profound increases in coronary blood flow in the resting, unanesthetized dog. To elucidate the relative importance of the direct vasodilating effect of PGAi and the indirect vasodilating effect due to increased metabolic requirements consequent to the increased heart rate and reflex sympathetic stimulation of the heart, the effect of 1 j".g/kg of PGAi on coronary resistance was determined when • heart rate was controlled by stimulating at a rate above that induced by this dose of PGAi (180/min) and after beta-receptor blockade alone or combined with blockade of cholinergic nerve fibers. During each of these states, PGAx still caused substantial coronary vasodilatation but less than was observed when sinus rhythm was normal before blockade (Fig. 4) sympathetic activity were blocked and heart rate remained constant after combined betareceptor and cholinergic nerve fiber blockades, the oxygen requirements of the myocardium should have decreased in response to PGAi since arterial pressure decreased markedly, although this could possibly have been offset, in part, by a direct inotropic effect. Under these conditions PGA! still caused a 42% decrease in coronary resistance, indicating that to a major extent the coronary vasodilatation caused by PGA X is a direct vascular effect and not due primarily to increased metabolic requirements of the myocardium. This interpretation is strongly supported by the observed rise in coronary sinus Po 2 at the time of peak coronary flow in all four dogs in which this was measured. In this regard, Smith et al. (28) demonstrated that the vasoactivity of another prostaglandin, PGEi, on the femoral bed is not mediated by adrenergic, cholinergic, histamine-releasing, or serotonin-releasing mechanisms and have concluded that it is a direct action on arteriolar smooth muscle. Similarly, PGEi and PGAi, by direct action on vascular smooth muscle in vitro, have been shown to cause relaxation of isolated arterial strips taken from small peripheral arteries (35) .
The systolic component of left circumflex coronary flow in the resting dogs in this study (23 ± 1%) is greater than that in the anesthetized dog but comparable to that previously reported in the resting, unanesthetized dog in which coronary flow was measured with electromagnetic flowmeters (36, 37) . The increase in systolic coronary flow caused by 1.0 /^g/kg of PGAi was remarkable and of the magnitude seen after administration of epinephrine and release of coronary occlusion (36, 38) .
The absence of profound increases in coronary flow in previous studies in anesthetized open-chest dogs may have been due to the relatively dilated coronary arterial bed in these dogs in which control coronary flow was already elevated due to the tachycardia induced by anesthesia and thoracotomy (13) . Furthermore, the operative manipulations required for installation of the instruments for flow measurement used in these earlier acute studies could be expected to cause marked alterations in basal coronary arterial tone and to interfere with vasoactive responses to subsequent drug infusions.
After beta-receptor blockade, the tachycardia in response to PGAi persisted, as indicated by an increase in heart rate averaging 39% following administration of 1.0 /xg/kg of PGAi. An important contribution made by the withdrawal of vagal activity to the tachycardia in response to prostaglandin has not been observed in studies in anesthetized animals in which prior treatment with propranolol, reserpine, or ganglionic blocking agents abolished the tachycardia produced by large doses of prostaglandins (27, 39) . This observation may be indicative of a basic difference in the mechanism of the baroreceptor reflex-induced tachycardia in conscious and anesthetized animals which results from reductions in resting vagal tone in the anesthetized state (40) . In the studies on anesthetized animals referred to above, pentobarbital sodium, an agent known to depress vagal activity (41) was used to produce anesthesia. The resting heart rates in excess of 140/min in the anesthetized animals compared to the control rates of 72/min in this study also indicates a difference in the resting tone of the two components of the autonomic nervous system in unanesthetized and anesthetized animals. Total prevention of cardiac acceleration with PGAi after combined betareceptor and cholinergic nerve fiber blockade in the conscious dog is consistent with the findings in the isolated heart (29) and anesthetized dog (12, 27 ) that prostaglandins are devoid of positive chronotropic activity.
The actions of PGAi observed in this investigation prompt speculation on several clinical situations in which PGAi could be of therapeutic efficacy. Since PGAi increases cardiac output and causes peripheral vasodilatation, it could be of value in various states of circulatory shock, particularly those associated with marked peripheral vasoconstriction as seen in some patients with septicemia and in the low cardiac output state occasionally encountered after prolonged cardiopulmonary bypass. The observation that PGA! can increase cardiac output independent of catecholamine stores and can induce natriuresis and diuresis (31, 42, 43) suggests its usefulness in congestive heart failure. It also appears to be an ideal parenteral antihypertensive agent, since it can profoundly lower arterial pressure while renal blood flow and urine output are well maintained (33, 43) .
